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Abstract: Monitoring the chemical and structural changes in protein side chains and endpoints by infrared spectroscopy is important to 
study the chemical reaction and physical adsorption process of proteins. However, the detection of side chains and endpoints in nanoscale 
proteins is still challenging due to its weak infrared response. Here, by designing a double-layered graphene plasmon sensor on MgF2/Si 
substrate in the IR fingerprint region, we detect the vibrational modes in side chains and endpoints (1397 cm-1 and 1458 cm-1) of 
monolayer protein. The sensor could be applied on biochemistry to investigate the physical and chemical reaction of biomolecules.
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   The identification and structure determination of protein, is 
of great importance to study its biofunctions, interactions and 
reactions [1]. Currently, there are several techniques which can 
provide the structural information of proteins, such as X-ray 
diffraction [2], Nuclear Magnetic Resonance (NMR) [3], cryo-
electron microscopy [4], circular dichroism [5], Infrared (IR) 
spectroscopy [6,7] and so on. X-ray diffraction can provide high 
resolution structure for protein crystals, but there are plenty of 
proteins cannot be crystallized [2, 8]. NMR can measure the 
protein structures and investigate binding of proteins and small 
molecules; however, it is limited to relatively small proteins 
(molecular weight below 3000 in general) and needs large 
amounts of protein [6]. Although cryo-electron microscopy can give 
high resolution structures of very small samples in physiological 
state, it is still haunted by low signal to noise ratio, time-
consuming sample preparation and it is costly [4]. Circular 
dichroism needs complex data analysis. Thus, IR spectroscopy is 
the most convenient one with least demanding both in terms of 
sample and time requirements among all these methods.

    IR spectroscopy is hard to detect nanoscale proteins directly 
due to their weak light-matter interaction. By taking the 
advantage of plasmonic near-field enhancement to largely 
increase the interaction of molecules and the IR light, surface 
enhanced IR spectroscopy provides a sensitive method to identify 
nanoscale proteins as well as protein adsorption processes. [9-12] 
However, the detection of side chains and endpoints in nanoscale 
proteins is still challenging due to their weak IR response as well 
as the lack of plasmonic enhancement in the IR fingerprint 
region. The side chains and endpoints are closely related to 
protein chemical reaction and physical adsorption.[13-16] For 
example, the protonation state of most side chains can be 
reflected in the IR spectrum, such as protonation of Asparagine 
and Glutamine residues accompanies proton pumping by 
bacteriorhodopsin[17], electron transfer reactions and Ca2+ release 

from the Ca2+ ATPase [18]. However, due to their weak IR 
response as well as the lack of plasmonic enhancement in the IR 
fingerprint region, the detection of the side chains and endpoints 
of nanoscale proteins is still challenging.

Two-dimensional material, such as graphene, black 
phosphorus and MoS2 have demonstrated exotic photonic 
properties such as strong light-matter interaction and electrical 
tunability [19-22], and has been widely used in waveguide, laser, IR 
sensor, polarizer and so on [23- 25]. Graphene plasmon is used to 
enhanced IR spectroscopy for detecting nanoscale materials due 
to its ultra-high IR light confinement and electrically tunability 
[26, 27]. For example, a high-sensitivity plasmonic biosensor for 
label-free detection of protein monolayers was demonstrated [28]. 
But due to the strong absorption of the substrate phonons, the 
signal of side chains in the fingerprint region have not been 
observed. Here, we adopt IR transparent substrate MgF2 and 
double layered graphene to achieve high plasmonic enhancement 
in the fingerprint region and detect the side chains and endpoints 
of nanoscale protein. This kind of sensor supplies a convenient 
method to monitor both the backbone and side chains of 
nanoscale proteins which can be used in investigation the 
chemical reaction and physical adsorption of proteins.

    The double layered graphene plasmon molecular fingerprint 
sensor is illustrated in Figure 1a. Plasmons can be excited in the 
double layered graphene nanoribbons (GNR) by focused IR beam, 
which result highly confined electromagnetic field that can 
enhance the IR absorption of nanoscale proteins [27-29]. The 
devices are fabricated as follows. A 700nm thick MgF2 thin film 
was evaporated on low-doped Si substrate as IR transparent 
substrate and back gate for the graphene devices. We use MgF2 
film instead of traditional SiO2 film as dielectric due to that MgF2 
has no active phonon absorption in the IR spectral range which 
can maintain the undisturbed high electromagnetic field 
enhancement in the fingerprint region. Two graphene layers 



were transferred onto the MgF2/Si substrate by repeating a wet-
transfer method [30] Then electrically continuous GRN were 
fabricated in the double layered graphene via electron beam 
lithography (EBL) and oxygen ion etching. Au electrodes were 
deposited on to the GRN via a second EBL process and electron 
beam evaporation. For comparison, similar devices were 
fabricated with one layer graphene. Figure 1b displays a typical 
scanning electron microscope (SEM) image of the GNR, which 
shows uniform width and well-defined edges. The ribbon-to-pitch 
ratio of the ribbon array is 2.5, and the high density of the 
graphene nanoribbons is designed to achieve high plasmon 
extinction strength. The electrostatic tunability of the double 
layered graphene/MgF2 device was tested and the electric 
transfer curve is shown in Figure 1c. The charge neutral point 
(CNP) of double layered graphene is at Vg of about 6 V. The 

graphene carrier density can be tuned up to 1.8 x 1012 cm-2 at Vg= 
-16 V. Detail calculation is in the supplementary information. 

    In experiment, the plasmonic response of the double layered 
graphene nanoribbons was characterized using a Fourier 
transform infrared microscopy (FTIR). The transmission spectra 
of the graphene nanoribbon arrays at CNP (TCNP) were used as 
background spectra, then the transmission spectra (TEF) at 
certain Fermi levels EF were collected to obtain the plasmonic 
extinction spectra T=1-TEF/TCNP. At same graphene ribbon width 
and bias voltage, the typical extinction spectra of the double 
layered graphene nanoribbon devices as well as the monolayer 
devices are shown in Figure 2a. They both have one prominent 
peak, indicating no substrate phonon effects from the MgF2 
substrate. However, the extinction peak of double layered 
graphene is much higher than the single layer graphene at Vg= -
8 V, because the Fermi level of double layered graphene is the 

sum of two single layer graphene at same bias voltage [29]. By 
using finite-element method, we simulate the electric field 
distribution for the graphene nanoribbons at the plasmon 
resonance frequency. As illustrated in Figure 2b, the field 
hotspots are located along the edges of the graphene nanoribbons, 
and the separation distance between two graphene layers is set 
as 1 nm. The cross section of the hot spot at the double layered 
graphene nanoribbon is much larger than that of the monolayer 
graphene nanoribbon. When each layer of double layered 
graphene has the same initial carrier density as n1L, the 
simulation results in Figure 2c show that the extinction of double 
layered graphene plasmon is higher than single layer graphene 
plasmon and the peak is shifted to higher frequency at same 
Fermi level EF and ribbon width. Then we apply 2*EF (EF=0.2, 
0.3, 0.4, 0.5 eV) on single layer graphene, the simulated 
extinction strength of single layer graphene plasmon is generally 
same as the strength of double layered graphene plasmon with 
EF. It can be explained by Drude model of graphene 
conductivity[29, 32]：

,𝛿(𝜔) =
𝑖𝜐𝐹𝑒2 𝜋𝑛

ℏ𝜋（ω + iΓ）

where νF is the Fermi velocity, n is carrier density, ω is the 
frequency and  is the scattering rate. Because δ =δ1+δ2 and Γ

, we can conclude EF2L=|EF1|+|EF2|=2*EF (when 𝐸𝐹 = ℏ𝜐𝐹 𝜋𝑛
EF1=EF2); the reason of double layered graphene plasmon 
extinction moving towards higher frequency is the coupling 
between two graphene layers [33]. For quantitative examination, 

Figure 1. Graphene plasmon bio-sensor. (a) Schematic of the 
graphene plasmon sensor. Monolayer protein was deposited on 
top of the GNR array fabricated on 700 nm thick MgF2 
supported on Si substrate. Incident IR light excites plasmon 
resonance across the GNR, S, source; D, drain. (b) SEM image 
of a GNR array with a ribbon width (W) of 100 nm and a period 
width (P) of 140 nm. (c) The electric transfer curve (green curve) 
and carrier density (red line) of the double layered 
graphene/MgF2 sensor, and the black arrow is the charge 
neutral point. 

Figure 2. Comparison between double layered graphene 
plasmon and single layer graphene plasmon. (a) Experimental 
extinction spectra comparison between single layer graphene 
and double layered graphene at Vg=-8 V. Ribbon width, 100 
nm. Period, 140 nm. (b) Simulated near-field enhancement 
distribution |E/E0| at the edge of single layer graphene (1000 
cm-1) and double layered graphene (1350 cm-1) GNRs at their 
resonant frequencies. (c) Simulated extinction spectra of double 
layered graphene GNR with EF, single layer graphene with 
|EF| and 2*|EF|. Fermi level EF=0.2, 0.3, 0.4, 0.5 eV. (d) Near 
field enhancement distribution |E/E0| along the white dashed 
line in (b), EF=0.3eV, mobility is using 600cm2/(V*s)
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the convolution of the near field enhancement distribution with 
the perpendicular distance from the ribbon edge (along the 
dashed line in Figure 2b, 0.5 nm away from the ribbon edge) is 
shown in Figure 2d. It indicates that the optical enhancement 
and field distribution in double layered graphene ribbons is like 
to the single layer graphene ribbons.  Both of experiment and 
simulation results show that the double layered graphene 
plasmon can provide more effective optical enhancement rather 
than the single layer graphene plasmon for the higher doping 
and broader tunability. 

    Bovine serum albumin (BSA), a kind of protein derived from 
cows which is often used as protein concentration standard in lab, 
was selected as an example to demonstrate the performance of 
double layered graphene biosensor. Monolayer proteins films 
(about 9 nm thick) were spin-coated onto the graphene devices as 
well as a spare substrate. A typical plasmonic extinction 
spectrum obtained after the protein layer-coating is shown in 
Figure 3a (red curve). As a comparison, the pristine IR 
absorption of the protein monolayer taken on the spare substrate 
is also displayed in Figure 3a (black curve). The IR absorption of 
the protein monolayer without plasmon enhancement is very 
weak and only the strongest peaks i.e. the amide I and amide II 
(marked as C and D) can be distinguished from the background 
noise due to the weak light-molecule interaction. In striking 
contrast to the noisy results without plasmon enhancement, the 
extinction spectrum of the same protein film covering the double 
layered graphene nanoribbon array features additional strong 
dips at A and B besides at the C and D. The dip behaviors in the 
plasmonic extinction peak are originated from destructive 
interference when the graphene plasmons and BSA’s vibrational 
modes interact with an opposite phase relationship [31-35]. These 
dips can be assigned to the molecular fingerprints of the protein 
molecules. Partially representative molecular structure of BSA 
and assignments of vibrational fingerprints of BSA is illustrated 
in Figure 3b; BSA containing a peptide bond (-CO-NH-) which is 
the major part of the protein backbone at C and D, a carboxyl-
terminal end at A (-OH) and a side chain at B (-CH3) [34]. It 
indicates that not only the proteins backbone but also side chains 
vibrational modes are detected by the graphene plasmon sensor. 
It is the first time that the side chains and endpoints vibrational 
modes (1397 cm-1 and 1458 cm-1) in fingerprint range of 
nanoscale proteins are detected by IR sensor. 

    Extinction spectra of the graphene nanoribbon array after 
the protein layer formation at different gate voltages are shown 
as solid lines in Figure 3c. For the evaluation of the signal 
enhancement, plasmonic enhanced molecular vibrational signals 
were extracted from the extinction spectra of the graphene 
nanoribbon arrays with the protein layer (solid lines) by 
subtracting the extinction spectra obtained without protein layer 
(dashed lines). The extracted signals are shown in Figure 3d. The 
enhancement is calculated via the subtraction of enhanced signal 
and origin protein signal and then divided by origin protein 
signal. The signal strength of vibrational modes gradually 
increase and the enhancement factors increase from 1.6 to 2.6 
times, because the graphene plasmon resonance frequency is 
gradually approaching the enhanced modes by tuning ∆CNP 
from -11 V to -15 V. The double layered graphene plasmon 
broadband electrical tunability and higher doping offers 
adjustable enhancement at different modes, which could be used 
to monitor physicochemical changes in protein backbones, 
endpoints and side chains.

    We detected both the protein backbone and side chains of 
monolayer protein film by using the undisturbed double layered 

graphene plasmon enhanced IR spectroscopy. Experimental 

results combined with the numerical simulation show that the 
double layered graphene plasmon has nearly doubled the cross 
section of monolayer graphene plasmon. By using the double 
layered graphene plasmon device with IR transparent substrate 
as IR sensor, the protein backbone (N-H+C-N, C=O) is enhanced 
by about 1.6-2.6 times and the side chains and endpoints (-CH3, -
COOH) of 9 nm thick BSA can be identified, which cannot be 
detected without the plasmonic enhancement. This work paves 
the way for monitoring the behavior of nanomaterial and 
chemical reaction or absorption that occur on endpoints and side 
chains as well as the physical change of the protein backbone, 
such as the interaction between proteins and nanomaterial 
medicine carrier and so on. 
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Figure 3. Enhanced infrared spectroscopy of nanoscale proteins. 
(a)Extinction spectrum of the GRN (  = -15 V) after the ∆CNP

protein layer formation (red curve). The pristine extinction 
spectrum of a 9nm thick protein layer is shown as the black 
curve. The pink vertical lines indicate the vibrational 
fingerprints of backbone (A and B) while the orange ones 
correspond to side chain and endpoint (C and D). (b) Partially 
representative molecular structure of BSA, containing a peptide 
bond, a carboxyl-terminal end and a side chain (CH3 is taken as 
an example); Vibrational fingerprints of BSA and their 
positions in (a). : stretching vibration, : symmetric stretching  ν  υs
vibration, : in plane bending vibration, : asymmetric in δ  δas
plane bending vibration. “+” denotes the coupling between 
different vibration modes and the former contributes more than 
the latter. (c) Extinction spectra of the GNR after the protein 
layer formation at different gate voltages (solid lines). The 
baselines derived from the pristine plasmon extinction spectra 
are shown as dashed lines. (d) The plasmonic enhanced signal 
at different effective gate voltages were obtained by subtracting 
the corresponding baseline from each measured extinction 
curve in (c).
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Supplemental Material 
Detecting molecular vibrational modes of side chains and endpoints in 
nanoscale proteins with graphene plasmon

Methods
Fabrication. A graphene sheet grown by chemical vapor deposition was transferred onto the MgF2 (700 

nm)/Si substrate and then patterned into nanoribbons arrays using electron beam lithography and oxygen 

plasma etching. Ti/Au (5 nm/60 nm) metal stacks were deposited as the source and drain electrodes after 

an additional electron beam lithography process were used. We deposited a 700nm thick MgF2 film onto a 

low-doped Si substrate using electronic beam evaporation. 9 nm thick bovine serum albumin(BSA) layers 

were spinned onto the sensor as a sensing sample.

Characterization. Patterned graphene nanoribbons were characterized with scanning electron microscopy 

(Hitachi S-4800). The graphene quality was confirmed by Raman spectroscopy (Horiba Jobin Yvon 

LabRAM HR800). The electrical transport properties were characterized using a semiconductor parameter 

analyser (Agilent 4294A) at room temperature. The thicknesses of the protein layers were measured by 

ellipsometry.

Simulation. The graphene plasmon were simulated by using the finite element method. The infrared lights 

impinge perpendicular on graphene nanoribbons. We modelled graphene as a thin film with a thickness of 

t and imposed the relative permittivity is the complex optical conductivity of εG = ― ⅈσ/ωε0t 

graphene evaluated within the local random phase approximation. The graphene thickness is set to be 1 

nm, at which the calculations reach proper convergence. The enhanced 9nm thickness BSA infrared 

extinction is simulated in S.M. Figure 1.  In Figure 2a, detection of different thickness BSA is simulated, 

we simulate the extinction spectra of graphene plasmon with varied protein film thickness, i.e., 4 nm, 6 

nm, 8 nm and 10 nm, as shown in S.M. Figure 2a. The dips in the graphene plasmon resonant peaks (the 

plasmonic enhanced molecular signals) are deeper when the thickness of protein is increasing. By 

integrating the peaks area in S.M. Figure 2b which is the result of subtracting baseline, we get 4.35, 3.48, 

2.66 and 1.69 for the film thickness of 10 nm, 8 nm, 6 nm, and 4 nm, which has linear relationship 



according to S.M. Figure 2 c.  In Figure 3, we simulate the detection of single BSA molecule (9nm 

thickness, 10nm width) with enhancement of double layered graphene plasmon, the red line is the results 

of single molecule that on the hotspot of double layered graphene plasmon, and the black line is the results 

of single molecule that not on the hotspot of double layered graphene plasmon; we can find that there are 

no enhancement of BSA molecule which is not putted on the hotspot of graphene plasmon, and the 

enhanced signal of one molecule is about five times weaker compared with the enhanced signal of single 

layer BSA (Figure3a in manuscript) even the molecule is putted on the hotspot, which amide I band and 

amide II band can be identified and the side chains and endpoints signal is too weak to identify by 

considering the experiment noise.

S.M. Figure1. The simulation results of 9nm BSA on double layered graphene plasmon. 
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S.M. Figure2. Simulation results: (a) Extinction spectra of the DL-GNR after the protein layer formation at 
different BSA thickness (4nm, 6nm, 8nm, 10nm- solid lines). The baselines derived from the pristine plasmon 
extinction spectra are shown as dashed lines. (b) The plasmonic enhanced signal at different BSA thickness 
were obtained by subtracting the corresponding baseline from each simulated extinction curve in (a). (c) Area 
of integrated peaks versus thickness of protein.

c



FTIR microscopy measurements. Infrared transmission measurements were performed using a FTIR 

microscopy (Thermo Fisher Nicolet iN10). We generated a background spectrum for each measurement. 

A bare MgF2/Si substrate was used to extract the background signal from the pristine 9 nm thick protein 

film absorption spectrum. A single-beam transmittance spectrum collected at the charge neutral point 

(TCNP) was used as the background spectrum and the single-beam transmittance spectrum (T) at each gate 

voltage was measured to obtain the extinction spectrum using the equation 1 − T/TCNP. In S.M. Figure4a, 

the extinction spectrum of double layered graphene plasmon before the protein layer formation is given, 

and the substrate signal of 700nm MgF2 is in the S.M. Figure4b.
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S.M. Figure3. Simulation results: Single BSA molecule enhanced detection when it is putted on/not on the 
hotspot of double layered graphene plasmon.



S.M. Figure 4. (a) Extinction spectra of the double layered graphene plasmon before the protein layer formation. (b) 

Extinction spectra of substrate 700nm MgF2.
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